Some of the polyhalogenated aromatic compounds (PHAs) which are able to produce porphyria are presently known as environmental contaminants. 
Introduction
Some polyhalogenated hydrocarbons, such as hexachlorobenzene (HCB), (1) 1 ,4-dichlorobenzene, 1,2,4-trichlorobenzene, polychlorinated biphenyls (PCB) (different commercial brands), hexachlorobiphenyls, 2,3,7,8-tetrachlorodibenzop-dioxin, y-hexachlorocyclohexane, polybrominated biphenyls (BP-6), methyl chloride, vinyl chloride (2) , and hexabromobenzene (3) , are able to produce porphyria in man and animals and pose health hazards because of their presence in human and animal food, in the work place, and in wildlife. PBB is a strong porphyrinogenic compound in avian systems. Compared to the porphyrinogenic action of HCB and PCB, PBB is respectively 80 and 10 times more active (4, 5) . A feature of the porphyria evoked by these polyhalogenated aromatics is its slow onset. A long chronic exposure is needed, especially in mammals (6) . This type of porphyria is related to liver damage (7) .
Materials and Methods
Separate groups of adult Japanese quail were orally dosed with gelatin capsules or fed diet containing PBB (BP-6 lot ml 1081). The parameter for porphyria consisted of macroscopic and microscopic porphyrin fluorescence in the liver, bile, kidneys, and blood; as well as 8-aminolevulinic acid synthase (8-ALAS) activity in the liver and kidneys, analysis of porphyrin methyl esters by means of thin-layer chromatography, and determination of heme in liver fractions. Furthermore the serum glutamic acid dehydrogenase (GLDH) and glutamic acid pyrotartaric acid transaminase (GPT) activities were determined (4) . To obtain P450/PBB binding spectra, 105.000 g pellets of Japanese quail liver were used (8) .
Results
Influence of PBB on Heme Biosynthetic Pathway Table 1 shows the dose-effect correlation of 8-ALAS activity in liver homogenate of female Japanese quail, after administration PBB for seven Table 4 , hemin can not suppress the with a dose of 100 mg/kg. This activity increase is porphyrin accumulation induced in the liver, bile, two-to three-fold in value. Microscopic fluores-and kidneys by daily loading with 500 and 1000 cence in the liver was detected in three sacrificed mg/kg of PBB. animals dosed 250 mg/kg and one sacrificed animal dosed 100 mg/kg.
Influence of PBB on Porphyrin Biosynthesis Table 2 shows that daily PBB application reduces the hepatic heme content (p < 0.05) prior to de- Table 5 shows that, starting with a daily dose of velopment of hepatic porphyria.
PBB of 100 mg/kg-day, porphyrin accumulation oc- Table 3 shows that hemin can counteract the ele-curs in the liver and bile. Starting with a dose of 250 vated porphyrin production of the liver which is ex-mg/kg-day, the animals die with porphyrin accreted by the bile and which was induced by a single cumulation in the liver, bile, and kidneys. No por-PBB dose.
phyrins were detected in the kidneys and blood of porphyrins with 2, 3, 4, 6, and 8 COOH groups. The experiment in Table 6 shows that PBB treatment causes the development of porphyrin accumulation in the kidneys and bile as well as in the liver. Table 7 shows that with a daily application of 400 mg/kg of PBB for a period of 7 days, porphyrins with 5-8 COOH groups accumulate in the bile and feces, in addition to those with 2, 3, and 4 COOH groups which are also detectable in the controls. In the kidneys, no porphyrins were detectable in the controls, while those of the PBB-treated animals contained porphyrins with 4, 6, 7, and 8 COOH groups. The liver of the controls and of the PBBtreated animals contained porphyrins with 2 and with 2 and 4 COOH groups, respectively. The experiments of Table 8 indicate that porphyrins with a Japanese quail (20 total) were randomly divided into four groups. Two groups were dosed daily with 1000 mg/kg of PBB. Two groups served as control. After 3 and 5 days, one control and one treated group were examined for microscopic fluorescence of porphyrins in bile, liver, kidneys, and intestines.
b Two animals showed a few small spots of fluorescence.
c One animal showed a few small spots of fluorescence.
2, 4, and 8 COOH groups are detectable in the liver as a result of PBB loading. The kidneys of these animals which had died contained not only porphyrins with 4 and 8 but also with 6 and 7 COOH groups; porphyrins with 2, 3, and 4 COOH groups were detected in the bile.
Influence of PBB on Mitochondrial Membrane Enzymes
Whether PBB porphyria develops before, during, or after biochemically detectable liver lesions was studied on the basis of the serum enzyme activities of glutamic dehydrogenase and glutamic pyruvic transaminase (SGLDH and SGPT). GLDH is a typical mitochondrial enzyme and GPT is characteristic cytoplasmic enzyme. Liver lesions result in an elevated activity of one or both enzymes, depending on the nature of the lesion.
The experiments in Table 9 demonstrate that loading with 500 ppm PBB in the diet does not result in a difference of SGPT activity (p > 0.05). Starting with 10 days of PBB loading, the serum GLDH activity is elevated (p < 0.05). After 10, 13, and 20 days, no porphyrin accumulation was found in the liver of the PBB-loaded animals. Porphyrin accumulation in the bile was seen already after 5 days in the PBB-loaded animals.
After 5 days of PBB treatment (oral, as capsules), SGLDH is elevated and porphyrin accumulation occurs in the liver (Table 10 ).
Discussion

8-Aminolevulinic Acid Synthase
First of all, the existence of a relation in quail liver between changes in ALAS activity and porphyrin accumulation in the liver was investigated.
April 1978 aFive Japanese quail were treated with 400 mg/kg-day ofPBB for 7 days. Five Japanese quail served as controls. No deaths occurred during the treatment period. The condition of the PBB-treated animals did deteriorate, however (weight loss). After the 7-day period, the porphyrin pattern in the liver, bile, kidneys, and feces was investigated by thin-layer chromatography. The liver and kidneys exhibited microscopic fluorescence which was stronger in the kidneys than in the liver. Control animals were fed empty capsules.
b ND = not detectable; 2= protoporphyrin; 3 = 3-COOH porphyrin; 4= coproporphyrin; 5= penta-COOH porphyrin; 6 = hexa-COOH porphyrin; 7 = hepta-COOH porphyrin; 8 = uroporphyrin. a Japanese quail were subjected to 500 mg/kg of PBB in their feed. Bile, liver, and kidneys of the animals that died were examined for the porphyrin patterns by means ofthin-layer chromatography.
b ND = not detectable; 2 = protoporphyrin; 3 = 3-COOH porphyrin; 4 = coproporphyrin; 6 = hexa-COOH porphyrin, 7 = hepta-COOH porphyrin.
The fact that the three sacrificed animals with microscopic fluorescence in the liver had a ALAS activity of 180-520 (nmole ALA/g liver/hr and that 12 of the 16 remaining PBB-treated animals had a ALAS activity ranging between 180 and 520 nmole ALA/g liver/hr while practically no microscopic fluorescence was found in the livers of these animals suggests that these ALAS activities are not correlated with hepatic porphyrin fluorescence (Table 1) . Protoporphyrin (PROTO), coproporphyrin (COPRO), and uroporphyrin (URO) were present in the liver during treatment with the halogenated aromatics, HCB (4) and PBB. This suggests an increased heme synthesis, also because of an increased P450 content (4) and a doubled ALAS activity. ALAS activity is fast, but slightly increased long before porphyria develops (see Fig. 1 ).
Porphyrin Accumulation PBB-porphyria developed from completely fluorescent fragments or the margins in the liver so that the entire liver showed diffuse fluorescence. PBB porphyria is characterized by an accumulation of porphyrins with 5-8 COOH groups in the liver, bile, and kidneys (Table 7) . Later porphyrinogens were found in the blood of these animals. The hepatic and renal porphyrins thus must have formed in situ. Porphyrins with 5-8 COOH groups normally are not found in the bile. The presence of these porphyrins in the bile of PBB-treated animals suggests a disturbance of the excretion of these porphyrins from the liver into the blood.
With PBB, porphyrin accumulation develops first in the kidneys and gall bladder before it occurs in the liver (Table 6 ).
The exclusive presence in the kidneys of porphyrins with 5, 6, and 7 COOH groups in the animals treated with PBB which died evidently indicates an uncoupling from the cytoplasmatic to the mitochondrial compartmentalization and an excretory disturbance of the kidneys. Porphyrin accumulation in the liver is the consequence of this.
Hepatic and renal porphyrin accumulation requires prolonged loading with HCB (4) and PBB and appears just before death. This was also found by de Matteis et al. (9) in rabbits, by Vos et al. (10) in Japanese quail, and by Simon et al. (11) in rats. Porphyrin accumulation in the bile occurred within a few days. The hepatic porphyrins appear much later, while renal porphyrins occur only when the animals are moribund. Evidently, the liver can excrete porphyrins via the bile at the start of the PBB loading period, but in a later stage this is no longer possible, because the liver and kidneys are then flooded with porphyrins.
The sensitivity of Japanese quail for the porphyrinogenic action of HCB (4) and PBB is remarkable when compared to rats and mice. Japanese quail can exhibit porphyrin accumulation in the bile and liver as a result of HCB (4) and PBB within a few days. In rats, the earliest porphyrin accumulation in the liver occurs only after 8 weeks of HCB treatment (11) , and it can require more than 12 months in some cases (12) . Two rats which we Environmental Health Perspectives 
Heme
The stimulated heme formation detectable by an elevated P450 content in the liver after HCB loading (13-15) requires a higher ALA supply. After the application of PBB, a decrease of the heme content of liver can be observed. Not a single PBB-loaded animal exhibited porphyrin accumulation in the liver ( Table 2) .
The experiments in Table 3 show that porphyrin production in the liver, which is excreted through the bile and which was induced in the animals by a single dose of PBB, can be returned to a normal level by hemin. The heme deficiency induced by PBB at this stage is eliminated by hemin. The increased heme synthesis, detectable by the twofold ALAS excretion through the bile is inhibited by hemin. In this phase of PBB loading, heme plays the role of a regulator as was assumed by Granick (16) . Heme can exert a feedback.
The polyhalogenated aromatic PBB produces a diminished heme content prior to the development of porphyria. This occurs parallel to increased heme synthesis. This can be detected by an increase or constant heme content per total but enlarged liver (Table 2) . During treatment an immediate decrease of heme (Table 2 ) and a twofold increase of ALAS activity (Table 1 ) occur before hepatic porphyrin accumulation becomes manifest. The increased heme synthesis is relevant for the production of cytochrome P450, which plays an important role in the metabolism of exogenous substances. The inducer thereby increases the possibilities for an accelerated turnover of itself. This cannot be accomplished, because PBB is only sparingly metabolized. For mixtures of Clophen A50 (PCB) and PBB in Japanese quail liver microsomes, very diffuse P450 binding spectra (type I spectral binding) were found, probably due to interactions of several compounds which might counteract each other (8) . A possible metabolism of PBBs by the liver P450 oxidation system is very slow. Chlori- nated phenols, such as metabolites of hexachlorobenzene (17) converted cytochrome P-450 into P-420 in vitro (8) . Indications of increased heme utilization caused by polyhalogenated aromatics can also be found in the literature. Wada et al. (13) found an elevated P450 content and a twofold increase of ALAS activity with 2 days of HCB loading. The same was observed by Sweeney et al. (18) (see Fig. 1 ). The experiments of Stonard (14), Stonard and Zenov (15) , Rajamanickam et al. (19) and Strik and Koeman (20) confirm the increase of the hemoprotein P450 content under the influence of HCB (4). The animals were in good condition during these experiments. There was no indication of hepatic porphyrin accumulation. Rajamanickam et al. (19) also found an elevated incorporation of glycine and ALA in heme and P-450. Polychlorobiphenyl (PCB) and phenobarbital induce an elevated P450 content (5, 21) and some microsomal enzyme reactions, such as demethylation, reduction and hydroxylation in the liver (21) . This indicates that the polyhalogenated aromatics (HCB, PBB, and PCB) stimulate the liver to increased heme synthesis as a reaction to the exogenous substances. This is necessary for the production of the hemoprotein P450 which plays an important role in the metabolism of exogenous substances. This results in a heme deficiency which has a derepressing effect on the neosynthesis of ALAS or a deinhibiting effect on its activity. This increased ALAS activity is implicitly related with increased heme synthesis (Table 1) . A continuous decrease of the heme content by the application of PBB (Table 2) may be due to a disturbance in protoporphyrin synthesis. Oxidized porphyrinogens accumulate and sufficient protoporphyrin is no longer produced. A consequence of this is a further decrease of the heme content, possibly paralleled by an accumulation of iron. This iron can no longer be effectively utilized by incorporation in protoporphyrin. According to Bach et al. (22) , HCB porphyria in rats is paralleled by a storage of iron and accumulaEnvironmental Health Perspectives destruction (5) PHA-OH (3) tion of porphyrins in the liver.
In contrast, the heme deficiency and excessive porphyrin accumulation in the liver, bile, and kidneys resulting from 7 days of PBB loading apparently can not be inhibited by hemin (Table 4) .
Heme could not block uroporphyrin accumulation from added ALA in presence of polyhalogenated aromatic compounds in chick embryo liver cell culture (23) . Heme can not exert a feedback when porphyria develops. Hemin does not play the role which it fulfills with a few doses of PBB when heme synthesis is increased in this stage, and there is no indication of porphyria. In this second phase of PBB loading, when porphyria is involved, porphyrin or heme synthesis as well as porphyrin byproduct elimination are damaged to such a degree that hemin is not capable of counteracting the porphyria and then can no longer exercise its feedback function. A disturbed protoporphyrin synthesis is also supported by the finding of Taljaard et al. (24) that uroporphyrinogen decarboxylation activity was reduced to zero in HCB rats with a completely porphyric liver. According to these authors (24) and Table 7 , protoporphyrin synthesis is arrested in the stage of decarboxylation of the porphyrinogens.
Heme also plays a central regulatory function in PBB-stimulated heme synthesis. This is no longer the case when porphyria has developed due to these substances.
Reactive Intermediate
According to Sinclair and Granick (23) , there is an induction of a metabolizing system. This requires protein synthesis, since it is blocked by cycloheximide. The polyhalogenated aromatic is converted by the induced drug metabolizing enzyme system to a metabolite (see Fig. l) , since known inhibitors of cytochrome P-450 action (e.g. SKF-525A) prevent uroporphyrin formation. Furthermore iron (P450-dependent iron?) is required at some reaction step for the formation of the metabolite that causes uroporphyrin accumulation. The active compound is not a known metabolite, but is probably an intermediate (Fig. 1) , because known metabolites of HCB (17) did not cause any porphyria in Japanese quail (2) but can convert P450 in vitro into P420 (8) (Fig. 1) .
Brodie (25) indicates that centrilobular liver necrosis produced by bromobenzene is mediated through a chemically active metabolite, which is formed oxidatively by enzymes in liver microsomes. The active intermediate of bromobenzene is an epoxide which reacts with glutathione (GSH). After liver GSH has been sufficiently depleted, the epoxide then reacts with tissue macromolecules in- April 1978 cluding proteins (Fig. 1 (1, 26) (Tables 9 and 10) . Pietschmann and Raab (27) and Simon et al. (11) also found an elevation of SGPT, and Ivanov (28) found an increase in y-glutamyltranspeptidase (y-GT) in rats made porphyric with HCB. However, their experiments do not reveal whether the observed liver damage began before or after the onset of porphyria (i.e., hepatic porphyrin accumulation).
The liver lesion observed occurs before the animals exhibit hepatic porphyrin accumulation and before a morphological liver lesion can be detected. This may indicate that PBB-porphyria is a form which develops on or after damage of the liver has occurred. Because serum GLDH (SGLDH), as a typical mitochondrial enzyme, is elevated while SGPT is not, PBB may possibly act by damaging the membranes and particularly the mitochondrial membrane. A possible pathological change in the cell membrane permeability caused by HCB has also been postulated (29) . The affinity of polyhalogenated aromatics for membrane structures which are rich in lipids may be assumed because of their lipophilic character. The affinity of PBB for lipid-rich membrane structures can also become manifest at the start of treatment with these substances. The membrane structure, of which cytochrome P450 is a part, does not become functional by interaction of PBB with HCB (4). P450 is released from its structure and the free P450 is immediately metabolized by biliverdin. An increased degradation of P450 demands a new supply. Heme availability or heme synthesis is adjusted to this. This may represent a possible explanation of the increased heme synthesis caused by polyhalogenated aromatics. It can be recognized by a two-to threefold increase in ALAS activity and increased release of by-products of heme synthesis (porphyrins) in the liver. This becomes manifest as an elevated porphyrin accumulation in the bile, which is the first to be detected.
The observation of Sweeney et al. (18) that hepatic mitochondria diminish during HCB loading also suggests a mitochondrial effect of HCB. The cytoplasmatic enzymes of heme synthesis can then still function normally and the cytoplasmatic porphyrins (with 4-8 COOH groups) accumulate in the liver (Table 7) .
Uroporphyrinogen Decarboxylase
Polyhalogenated aromatic compounds evoke a cytoplasmic porphyria characterized by porphyrins with 7 and 8 carboxyl groups in the liver, 5, 6, 7, and 8 carboxyl groups in the bile, and 6, 7, and 8 carboxyl groups in the kidney (2, 4) . Due to the marked increase in higher carboxylated porphyrins in the liver and urine in this experimental porphyria, it was felt that there may be a failure to decarboxylate uroporphyrinogen normally (9) . In fact uroporphyrinogen decarboxylase activity could not be detected in the livers of HCB-treated animals (24, 30) .
Evidence ( Fig. 1) was obtained for an instable intermediate that is generated in the liver from chlorinated hydrocarbons which inhibits uroporphyrinogen decarboxylase, thus causing uroporphyrin to accumulate. The data suggest that the intermediate may be a hydroxylated derivative (23) .
Sexual Hormones
The relative proportions of steroid hormones produced by the ovaries and the testes are possibly involved in sensitivity of organisms to porphyrinogenic compounds (4, (31) (32) (33) . Nonfunctional dearrangement of smooth endoplasmatic reticulum (SER) is manifested in whorl formation. This phenomenon is found only in male rats (20) . The formation of a possible porphyrinogenic intermediate may be slowed down by the nonfunctional rearrangement of SER.
Conclusion
PPBs (4) increase the heme utilization by cytoplasmic hemoproteins (the cytochromes). An increased demand for heme by these hemoproteins can be filled by increased heme synthesis, detectable by a more than about two fold increase in ALAS activity in the liver and porphyrin by-products in the bile. This increased heme synthesis can be inhibited by hemin.
PBB porphyria (1) is preceded by liver and kidney damage. Accumulation of porphyrins in the liver is not solely due to an increase of ALAS activity, but rather to drug enzyme induction and the formation of an reactive intermediate which causes centrilobular liver damage and ultimately porphyria. The hepatic mitochondria decrease in number and are damaged (elevated SGLDH); the proliferated endoplasmic reticulum, including the hemoprotein P-450, is no longer capable of normal activity; uroporphyrinogen decarboxylase activity is reduced to zero; renal porphyrins accumulate and are excreted in the liver and via the bile; in addition there are many morphological changes.
Porphyria in Humans
Some polyhalogenated aromatics are able to produce liver porphyria in experimental animals (34) . Chronic hepatic porphyria in humans caused by polyhalogenated hydrocarbons is known. Chlorodibenzodioxins (35, 36) , hexachlorobenzene (37) , methyl chloride (38) and vinyl chloride (39) evoke increased total urinary porphyrin values of 81-8778 ,ug/l. and an abnormal porphyrin pattern in urine.
A group which has been exposed to PBB, a powerful porphyrinogen, over the past several years has been identified. The sole purpose of the investigation was to assess liver health, using urine porphyrin excretion as an indicator in a population of farm families which, was presumed, received the highest doses of PBB. No attempt has been made to analyze or assess any other PBB-produced conditions, symptoms, or illnesses unrelated to liver damage.
Because of the macroscopic fluorescence of the urines examined, total porphyrin values of more than 100 ,ug/l., and abnormal thin-layer chromatography porphyrin patterns (containing porphyrins with 7, 6, or 5 COOH groups), it was concluded that in 26 to 45% of the study group, members of the farm families exposed to PBB indications for the presence of coproporphyrinuria and chronic hepatic porphyria type A could be detected. These symptoms may be indicative of slight liver damage (40) .
